The Northeast Greenland Ice Stream (NEGIS) currently drains more than 10% of the Greenland Ice Sheet area, and has recently undergone significant dynamic changes. It is therefore critical to accurately represent this feature when assessing the future contribution of Greenland to sea level rise. At present, NEGIS is reproduced in ice sheet models by inferring basal conditions using observed surface velocities. This approach helps estimate conditions at the base of the ice sheet, but cannot be used to estimate the evolution of basal drag in time, so it is not a good representation of the evolution of the ice sheet in 5 future climate warming scenarios. NEGIS is suggested to be initiated by a geothermal heat flux anomaly close to the ice divide, left behind by the movement of Greenland over the Icelandic plume. However, the heat flux underneath the ice sheet is largely unknown, except for a few direct measurements from deep ice core drill sites. Using the Ice Sheet System Model (ISSM), with ice dynamics coupled to a subglacial hydrology model, we investigate the possibility of initiating NEGIS by inserting hotspots with various locations and intensities. We find that a minimum geothermal heat flux value of 970 mW/m 2 located close to 10 EastGRIP is required locally to reproduce the observed NEGIS velocities, consistent with previous estimates. By including high geothermal heat flux and the effect of water on sliding, we successfully reproduce the main characteristics of NEGIS in an ice sheet model without using data assimilation.
where τ b is the basal drag, α basal friction coefficient, N effective pressure, and v b the basal velocity. The hydrology model 60 takes the basal melt rates as input, and computes the effective pressure. Nodes with no basal melt are given an effective pressure equal to the ice overburden pressure. The hydrology model consists of two porous sediment layers, representing the inefficient and efficient drainage system. The efficient drainage system is activated when N reaches zero, and may be deactivated as the water is evacuated and N increases again. Definitions and values of variables in the subglacial hydrology model are given in Table 1 . The hydrology model and its implementation in ISSM are described in detail in de Fleurian et al. (2014 de Fleurian et al. ( , 2016 . 65 For the thermal model we rely on the enthalpy formulation by Aschwanden et al. (2012) , implemented in ISSM with surface temperatures from Ettema et al. (2009) and geothermal heat flux from Fox Maule et al. (2009) . In addition we use a mantle plume module in ISSM to create elevated geothermal heat flux anomalies (Seroussi et al., 2017) .
Basal topography is from BedMachine (Morlighem et al., 2014) (Figure 1a ) and we apply submarine melt rates under the floating ice (Rignot et al., 2001) . For the stress balance equation, we use a 3D Higher-Order approximation (Pattyn, 2003) . Our 70 model domain consists of 9974 horizontal elements, ranging from 1 km in areas with high velocity gradients to a maximum of 15 km at the ice divide ( Figure 1b ). We use linear P1 elements to solve the stress balance equations and quadratic P2 elements for the thermal analysis, in order to capture sharp temperature gradients, despite using only 5 layers (Cuzzone et al., 2018) .
We aim to represent the observed NEGIS velocity pattern in an ice sheet model without inverting for the basal friction coefficient. However, to initialize the hydrology model, we do simulate the present day ice stream by inferring basal friction from present-day velocities (Figure 1b ). The basal melt rates from this simulation are used to initialize the subglacial hydrology model, which we run for 150 years in order to reach an equilibrium in terms of water pressure. The resulting effective pressure field computed by the hydrology model, N , is used in the friction law (Eq.1), and kept constant in time. Finally, we run a 4 kyr simulation with the basal condition generated by the hydrology model to provide steady state surface velocities. Note that we do not use the friction coefficient, α, from the inversion in the forward ice flow simulation, as it is only used to initialize the 80 subglacial hydrology model. Previous modelling studies lack sharp velocity gradients defining NEGIS (Aschwanden et al., 2016; Beyer et al., 2018) . To capture this we let the basal friction coefficient, α, depend linearly on the bed elevation using the following equation:
where 100 (m/s) 1/2 is the mean value of the inversion alpha used in (Smith-Johnsen et al., in reviewb), and we cap the values 85 between 1 and 250 (m/s) 1/2 . 0.13 is tuned to approximately match the observed velocities at the grounding line of 79N. The resulting friction coefficient, α, is shown in Figure 1c . We argue that low lying topography will have more marine sediments, and thus a softer and less resistive bed, allowing high velocities of the outlet glaciers. A similar approach with basal shear stress defined as a function of bed elevation was previously used by Åkesson et al. (2018) and by Aschwanden et al. (2016) . Our simple friction relationship is supported by observations, as bed topography roughness for the NEGIS region shows a pattern 90 inversely correlated with bed elevation (Cooper et al., 2019) . 
Experiments
In order to capture the high upstream velocity of NEGIS, we alter the geothermal heat flux by simulating a range of mantle plumes close to the head of the ice stream, at the onset of fast flow (Seroussi et al., 2017) . The mantle plume module in 95 ISSM computes the geothermal heat flux, given the plume parameters in Table 2 , and the maximum GHF values range from only the geothermal heat flux from Fox Maule et al. (2009) . This GHF map is ranging from 40 mW/m 2 in the north-west to 77 mW/m 2 in the north-east below the Storstrømmen outlet, with an average value of 54 mW/m 2 .
In our main experiment, plume970, the plume parameters were chosen to generate a GHF anomaly coherent with the one 100 hypothesized by Fahnestock et al. (2001) and Macgregor et al. (2016) . The resulting GHF anomaly is ∼ 50 km in diameter with a maximum GHF value of 970 mW/m 2 (Table 3) , and we position it directly underneath the EGRIP deep ice core drilling site ( Figure 1c ).
To determine the minimum geothermal heat flux needed to initiate the onset of NEGIS close to the ice divide, we compute three alternative plume configurations with lower intensity. We obtain the lower geothermal heat flux by decreasing the bottom 105 plume depth parameter to 4500, 4000 and 3000 km for simulation plume909, plume836 and plume677, respectively (Table 3) .
Additionally, we compute four plume configurations where we change the position of the plume. We move the plume970 75 km to the south-west, south-east, north-east and north-west in the plume970SW, plume970SE, plume970NE, plume970NW experiments, respectively ( (Table 3) .
Finally, to investigate the influence of our friction coefficient distribution, we run three additional simulations. First, we run a simulation without modelled effective pressure, but instead using effective pressure approximated to hydrostatic pressure, commonly used in ISSM (no Hydro, Table 3 ). Then we run two simulations with a uniform friction of α = 90 (m/s) 1/2 ; one 115 without a plume (Ctrl-uni, Table 3 ) and one with the 970 mW/m 2 plume (plume970-uni, Table 3 ).
Results
In the Ctrl simulation we use the geothermal heat flux from Fox Maule et al. (2009) (Figure 2a ), with a value of 54 mW/m 2 at the onset of the ice stream. We run a steady state solution to retrieve the basal melt rates, as shown in Figure 2f . Figure 2t ), which is close to the observed 120 km. However, the spatial pattern upstream is more diffuse and the ice stream is wider than observed. The Storstrømmen outlet shows higher velocities relative 145 to the Ctrl, but still lower than observed. The 79N and Zachariae outlets, on the other hand, display higher velocities than observed. Overall, with this approach, we capture most of the characteristics of NEGIS, although the ice stream is more diffuse and displays velocities slightly higher than the observations.
To determine whether a lower geothermal heat flux may induce a similar high velocity pattern, we run three simulations with a less intense mantle plume. Figure 2b-d To investigate the sensitivity of the position of the plume in plume970, we moved the plume 75 km to the south-west, 155 south-east, north-east and north-west ( Figure 3) . The computed geothermal heat flux distribution is shown in (Figure 3a-d) and the basal melt rates are of the same magnitude as in the plume970. The computed effective pressure for south-west and south-east (plume970SW and plume970SE, Figure 3i ,j) have minimum values of 3.2 and 2.9 MPa above the plume, which are not sufficient to initiate fast flow (Figure 3m,n) . When the plume is located further downstream, the effective pressure reaches lower values (Figure 3k ,l) and the ice stream flows faster than in plume970 (Figure 3o To determine whether a lower geothermal heat flux value over a larger area could induce high upstream velocities, we investigate the influence of four weaker plumes with larger plume radii (Figure 4) . The weakest, but most extensive plume 165 (plume494, Figure 4a ), produces basal melt rates of maximum 51 mm/yr (Figure 4e ), resulting in a large area of low effective pressure (minimum 0.2 MPa; Figure 4i ). The corresponding surface velocity for the plume494 displays a faster and wider ice stream (Figure 4m ) relative to the observations. Plume594 gives basal met rates of 60 mm/yr (Figure 4f ) and the ice stream becomes wide, reaching all the way to the ice divide (Figure 4n ). The plume775 is twice the size of the plume970 (Figure 4c) , and with melt rates of 75 mm/yr over a larger area (Figure 4g ), the velocity of the ice stream (Figure 4o ) is similar to the 170 plume970. However, the 50 m/yr velocity contour reaches too close to the ice divide and the ice stream is wider than the observed one. The plume792 produces melt rates of 75 mm/yr (Figure 4d) , resulting in velocities similar to the plume594 (Figure 4p ). This shows that the elevated heat inducing the upstream fast flow of NEGIS must be constrained to a relatively small area, with an extent of ∼50 km.
Finally, we investigate the influence of varying the parameters in the friction law (Eq. 1), presented in Figure 5 . The noHydro 175 simulation with an effective pressure approximated to the hydrostatic pressure shows very little resemblance to the observed NEGIS (Figure 5a) , with too slow velocities. The simulation with a uniform friction coefficient and no mantle plume, captures the main feature of NEGIS (Ctrl-uni, Figure 5b) ; with a main trunk, the northern branch and three outlets, with fastest flow in Zachariae. However, the velocity pattern is more diffuse than the observed (Figure 5e ). The high upstream velocities are better captured in the simulation with plume970 and a uniform friction (plume970-uni, Figure 5c ). For plume970-uni, high 180 velocities reach slightly closer to the ice divide than the plume970, but the velocities of the main trunk are less confined than in experiment plume970 (Figure 5d ) and the observations (Figure 5e ).
Discussion
Most of the spatial velocity pattern of NEGIS is represented in our Ctrl run, apart from the upstream one third of the main trunk.
This indicates that the downstream area of the NEGIS catchment is largely controlled by topography, while the upstream area 185 is controlled by its basal conditions, which is in agreement with Keisling et al. (2014) . The Ctrl simulation captures the main outlets and the observed "snake" shaped velocity pattern of the trunk. High velocities coincide with low lying bed elevation.
However, we do not capture the high velocity of Storstrømmen, or the floating tongues of Zachariae and 79North outlets. This could be caused by the simple friction coefficient approach not being representative of these areas, where basal properties display a more complex pattern. geothermal heat flux (GHF) needed to induce the observed upstream velocity of NEGIS, is ∼ 970 mW/m 2 , as proposed by Fahnestock et al. (2001) . However, we show that lower values of GHF can induce even faster flow, when the plume is more extensive (Figure 4 ). However, with a larger mantle plume the ice stream becomes wider, and does not match the observed velocity of NEGIS (Figure 5e ), indicating that the heat anomaly initiating NEGIS may be local in extent.
not capture the positive feedback expected with higher velocities leading to more melt, and lower effective pressure, giving even higher velocities. With a more responsive and fully coupled system, one might be able to reproduce NEGIS with lower values for the geothermal heat flux. We use a simple friction law linearly dependent on effective pressure, and are aware that the results are likely to change with a different choice of friction law. For example, in the friction law used in the MISMIP+ experiments (Asay-Davis et al., 2016; Tsai et al., 2015) , effective pressure is included only where the coulomb criterion is met, With a simple bed elevation dependent friction and hydrology model forced by melt rates from GHF, we capture the overall pattern of NEGIS velocity. This has implications for studies trying to predict the response of NEGIS to a future climatic warming. Basal friction may not remain constant in time, and thus we cannot fully rely on inversion as it masks unknown time 280 varying basal properties. By using our approach (with or without the geothermal heat flux anomaly) one can capture complex velocity patterns, and then invert for the remaining basal properties. These may in turn be assumed to be constant in time, while the subglacial hydrology will evolve with a changing climate accounting for varying basal conditions. Unfortunately, observations and estimates of geothermal heat flux and subglacial hydrology are challenged by large uncertainties. Therefore, it is critical for future observational and modelling studies, to better constrain the basal conditions of the Greenland Ice Sheet. 
